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OPERATIONS

Abstract. This paper presents a control model for single-tool turning operations designed to
optimize technological parameters at the design stage. While traditional models focus on
determining dimensional errors for various setup configurations, this study addresses the inverse
problem: establishing maximum permissible cutting conditions to maximize productivity without
compromising specified dimensional accuracy. Given its predominant influence on cutting forces,
the feed rate (S) is identified as the primary control parameter. Utilizing a simulation-based
approach and the "Maple 7" computer algebra system, a mathematical framework was developed
to resolve nonlinear and transcendental equations governing the machining process. The results
demonstrate that the required tolerance grade and technological system instability significantly
dictate the limit feed rate, with accuracy requirements altering the permissible feed by up to 3.5
times. The developed computer program allows for the automated calculation of optimal feed rates
across various technological scenarios, providing a robust tool for enhancing the efficiency of
automatic and semi-automatic lathes.

Introduction. In modern manufacturing, the efficiency of turning operations
is fundamentally defined by the balance between high productivity and strict
adherence to dimensional tolerances. During the design of machining processes for
batches of workpieces, it is critical to justify the selection of setup configurations
that minimize error magnitudes. Traditional accuracy models typically serve to
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predict the resulting precision of a given setup. However, in the context of increasing
industrial automation, there is a growing need to solve the inverse problem:
assigning the most aggressive cutting conditions possible—specifically the feed
rate—while ensuring that the resulting dimensions remain within the permissible
scatter zone [1-38].

The feed rate is a decisive factor in this optimization problem, as it directly
impacts the components of the cutting force and, consequently, the dynamic error of
the technological system [39-47]. This study aims to develop a control model that
treats the feed rate as a constrained variable dictated by the required precision. By
integrating simulation data and mathematical modeling, this research provides a
methodology to predetermine the limits of the machining process. This approach is
particularly relevant for automatic and semi-automatic lathe operations, where
material removal allowances are often fixed by part geometry, leaving the feed rate
as the most effective lever for process control [48-67].

Process Control Model. At the design stage, the accuracy model [68-73] for
machining a batch of workpieces in a machine tool section enables the determination
of the error magnitude for each produced dimension under various setup
configurations, thereby allowing for the justification of the optimal variant.
However, the inverse problem is of greater practical significance: determining the
maximum permissible cutting conditions (and other control parameters) to ensure
the highest productivity while maintaining a specified dimensional accuracy. Given
that the feed rate exerts the most substantial influence on the magnitudes of the
cutting force components, it is expedient to adopt the feed rate, S, as the primary
control parameter. To develop the control model, it is sufficient to derive the
functional dependence of the feed rate (the control factor) on the required precision
and other machining parameters, utilizing the simulation model [74]. To produce
compliant parts, the designed setup must satisfy the following condition:

Ag > ‘E{a)tﬁt +ALD, ) (1)
subject to the condition ‘E:t_pt > ‘EAtBM
and in all other cases: Ag > E{Zt_pt +%At_pm}

Inequality (1) represents a control model for technological parameters in
single-tool turning operations.

For the specified machine tool parameters and the constant component of the
machining error, the limit value of the dynamic component of the machining error
can be calculated using formula [74]:

Azz\/(Ay)2+A2H + A2 +3(CAcr)? +3(ZA7)? (2)
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Thus, the value according to formula (1) is predetermined by the requirements
of the operational drawing—specifically, by the permissible error of the machined
dimension. That is, in formula (1), Ag represents the permissible value of the scatter
zone, determined by the required dimensional accuracy. For its calculation, the
following relationship derived from formula (2) is proposed:

Ag=TD? — A2y — 21 —3(SAcp)? —3(TAp)2 3)

where TD - 1s the tolerance zone of the machined dimension. The value At, which is

determined by the initial error of the workpiece, is calculated using formula (4):
AM=TZ+Ay +Ay +Acr (4)
where 77 is the tolerance zone of the workpiece for the machined dimension.

The parameters contained in the right-hand side of inequality (1) can be
regarded as control parameters. Nevertheless, the setup configuration and cutting
tool geometry are frequently predetermined by other factors, such as the workpiece
configuration, machine tool capabilities, required surface roughness, tool life, and
others [75-92]. Conversely, cutting conditions are established during the final design
stage and serve as the primary determinants of operation productivity. In the context
of machining on automatic and semi-automatic lathes, material removal allowances
are largely dictated by the part geometry and the chosen setup structure.
Consequently, the carriage feed or individual tool feeds emerge as more effective
control parameters. Therefore, inequality (1) shall be considered a feed rate
constraint regarding machining accuracy [93-106].

Operability of the Control Model. To determine the feed rate for a given set
of other machining parameters, inequality (1) must be solved with respect to S. For
the practical application of control model (1), the "Maple 7" computer algebra
system was employed, utilizing its so/ve function to resolve systems of nonlinear
and transcendental equations. A computer program has been developed to enable the
calculation of maximum permissible feed rates based on accuracy for any
combination of other technological factors.

The functionality of control model (1) is demonstrated by the graphs in Fig. 1.
Using the setup configuration discussed in [67, 68] as an example, the figure
illustrates the influence of the key factors that form the scatter zone—initial
workpiece error and the instability of the technological system—on the accuracy-
limited feed rate.

Fig. 1 shows the extent to which feed rate values vary compared to the baseline
variant. A reference point (t =2 mm, ITD12, ITZ12) is also introduced. Within the
plots, the relative change in feed rates with respect to the reference point is shown
for each variant.
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As indicated by the graphs (Fig. 1a), the required dimensional accuracy exerts
the most significant influence on the limit feed rate, varying it by a factor of 2.0 to
3.5; however, this influence levels out as the depth of cut increases. Workpiece
inaccuracy (Fig. 1b) significantly affects the limit feed rate at small cutting depths,
while at larger depths, the stabilizing effect of the ot term in formula (1) becomes
apparent. The stabilization of the technological system's properties (Fig. 1c) has a
noticeable impact on the limit feed rate across the entire range of cutting depths,
altering it by up to 1.3 times. Fig. 1d essentially illustrates the dependence of the
feed rate on the degree of accuracy refinement—specifically, the ratio between the
tolerance grades of the workpiece and the finished dimension. It is evident that
increasing machining accuracy from grade 13 to grade 10 requires a reduction in the
feed rate by a factor of 1.8 or more.
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Fig. 1. Influence of technological factors on the limit feed rate based on
diametrical dimensional accuracy. Baseline variant: workpiece material —
Steel 45; R6MS straight turning tool; ¢= 60°, y = 15°, ap = 2 mm; workpiece
tolerance grade — I'TZ12; technological system instability A = 0.2. Changes for
the remaining variants are indicated accordingly.
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Conclusions. This research established a matrix-based control model for
single-tool turning, enabling the optimization of feed rates based on required
dimensional accuracy. The findings demonstrate that the target tolerance grade is
the primary determinant of process limits, influencing the maximum permissible
feed rate by a factor of 2.0 to 3.5. Furthermore, while the instability of the
technological system and initial workpiece quality significantly impact
performance, their influence is partially mitigated at higher depths of cut. The
developed computational program provides a robust tool for determining maximum
cutting regimes, ensuring high productivity in automated manufacturing
environments without compromising precision.

This work was supported by the Azerbaijan Science Foundation — Grant
Ne AEF-MGC-2024-2(50)-16/01/1-M-01
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